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Abstract
In many optical systems, including metal films,
dielectric reflectors, and photonic crystals, elec-
tromagnetic waves can experience evanescent
decay. The spatial length scale of such de-
cay defines the penetration depth. The ability
to reduce the penetration depth is important
for a number of applications in free-space and
integrated photonics. In this paper, we con-
sider a ultrathin metafilm structures consisting
of alternating regions of metal and dielectric.
We show that the penetration depth of such
metafilm can be significantly smaller as com-
pared to that of a corresponding metal thin
film. The reduction of the penetration depth
arises due to the enhanced effective mass in
the photonic band structure. This effect can
be used to enhance the reflectivity of ultrathin
reflectors, and to increase the packing density
of subwavelength plasmonic waveguides.
1 Introduction
In the optical wavelength range, due to the plas-
monic response of metals, electromagnetic fields
becomes evanescent inside of metals: at a given
frequency, the amplitude of the fields decay ex-
ponentially as they penetrate into the metal.
The length scale corresponding to such expo-
nential decay defines the penetration depth.
In typical plasmonic metals, the penetration
depth can be far smaller as compared to the
wavelength. Such a subwavelength penetra-
tion depth at optical frequencies is essential for
many applications, including sub-wavelength
metal films acting as mirrors1 and plasmonic
waveguides which provide deep subwavelength
modal confinement.2–6 The ability to design
structures with penetration depth below that of
natural metals would lead to dramatically im-
proved device performance, particularly in the
optical regime where absorption losses can be
very high.
In this paper, we show that one can reduce the
penetration depth of a one-dimensional plas-
monic metafilm below that of standard metals
using concepts from metamaterial engineering.
As an illustration, we compare a uniform metal
film, as shown in Fig. 1(a), to a metal-dielectric
metafilm, as shown in Fig. 1(b). The metafilm
consists of a periodic array of metal and dielec-
tric regions. Both the periodicity and the thick-
ness of the film are substantially smaller than
the operating optical wavelength. Using full-
wave numerical modeling, we show that for light
incident on such a metafilm from air, the pen-
etration depth can be far smaller as compared
to the uniform metal thin film. Consequently,
the metafilm can exhibit a substantially higher
reflectivity and lower absorption as compared
to a metal film with the same thickness. We
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also demonstrate that replacing the sidewalls
of a metal-insulator-metal (MIM) waveguide
with the metafilm results in an improved modal
confinement and a reduced modal attenuation.
The operation of our proposed metafilm relies
upon the existence of a modal gap between
the plasma frequency of the metal and the sur-
face plasmon frequency of the metal-dielectric
interface. We show that reduced penetration
depth in this structure arises from the the en-
hanced effective mass of the photonic bands at
the edges of the modal band gap.
The remainder of this paper is organized
as follows. First, we outline the theory for
field penetration into the metafilm based on a
band structure analysis of the corresponding
infinitely-extended structure. Next, we illus-
trate the influence of the penetration depth on
the reflection from a finite-thickness metafilm.
We also identify features in the reflectivity
spectrum, such as surface plasmon resonances,
which are not accounted for in the band struc-
ture of the infinitely-extended structure. We
then analyze the performance of the metafilm
design constructed from several exemplary real-
istic materials and demonstrate that the effect
is largely robust to intrinsic material absorp-
tion. Finally, we demonstrate an application
of the metafilm as the sidewall of a compact
hollow-core waveguide system.
2 Band Structure Analysis
For both the standard metal thin film and our
metafilm structure, the evanescent behavior of
the field penetration arises due to the existence
of a photonic band gap in the corresponding
structure which is infinitely extended in the z-
direction. Such an infinite structure supports
a band gap in the frequency range between ωl
and ωh, where ωl and ωh are the lower and up-
per edges of the gap. For illustrative purposes,
consider a frequency ω which is in the vicinity
of the upper edge, ωh. For ω > ωh, suppose the
structure supports a band given by,
ω(kz) = ωh +
1
2mh
(kz − kh)2, (1)
which describes a propagating wave in the z-
direction. Here mh is the effective mass of the
upper band, and kh is the wavevector at the
upper band-edge. For ω < ωh, the frequency
is inside the gap. The field therefore varies ex-
ponentially along the z-direction in the form of
e−Im(kz)z, where Im(kz), the spatial decay rate of
the field amplitude, can be determined through
the analytic continuation of the band structure
of Eq. (1) as,
Im(kz) =
√
2mh(ωh − ω). (2)
Im(kz) is related to the penetration depth of
the field amplitude as, δ = 1/Im(kz). We there-
fore observe that the penetration depth inside
the gap is directly related to the effective mass
of the band structure in the frequency range
just outside the gap. Such a relationship has
been previously used to qualitatively describe
anomalously high mode confinement in two-
dimensional photonic crystals.7
For the uniform, metallic thin film structure
as shown in Fig. 1(a), the corresponding in-
finite structure is a bulk metal. To describe
the bulk metal, we use the Drude model to de-
scribe its dielectric function m(ω) = 1− ω
2
p
ω2+iγω
,
where γ is the damping parameter or intrin-
sic loss. A direct solution of Maxwell’s equa-
tion with γ = 0 gives the bulk band structure
ω2 = ω2p + c
2k2. In the vicinity of the band-
edge ω ≈ ωp, the band can be well described
using Eq. (2) with ωh = ωp and mh = ωp/c
2.
The spatial decay rate Im(kz), as obtained us-
ing Eq. (2) and shown in Fig. 1(e) as maroon
circles, agrees well from the direct solution of
the spatial decay rate using Maxwell’s equa-
tions as shown by the red dashed lines in Fig.
1(e).
We now focus on describing the metafilm.
The unit cell size is chosen to be subwavelength
a λ with a fraction, f , consisting of a metal
described by the permittivity m. The remain-
ing fraction of the unit cell, 1− f , consists of a
high-index dielectric material with permittivity
d. The thickness of the metafilm is d. As an ex-
emplary structure, we choose f = 0.2, d = 16,
and a = 0.24λp.
For the metafilm structure, the corresponding
2
Figure 1: Diagram of (a) uniform metal and (b) metafilm reflector illuminated by normally incident
light. The metal material (grey region) in both structures is described by a Drude model with a
dielectric constant m = 1−ω2/ω2p. The dielectric material (blue region) in the metafilm is described
by a permittivity d. (c) Reflectivity spectrum for the metal (red) and metafilm (blue) structures
with thickness d = 0.24λp. The metafilm has a lattice constant a = 0.24λp and d = 16. (d)
Penetration depth and (e) real band structure (solid lines) and imaginary band structure (dashed
lines) of the infinitely-extended structures, which correspond to finite versions of those in panel c.
The analytic continuation, computed using a second-order approximation of the real band near the
band-edges, is indicated by circles.
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infinite structure is a metal-dielectric waveguide
array extended infinitely with the same dielec-
tric and geometrical parameters as the film. We
calculate its band structure for waves propa-
gating along the z-direction using a finite dif-
ference frequency domain eigensolver,8 which
solves Maxwell’s equations in the x-z plane
for the TM polarization (non-zero vector field
components Hy, Ex, Ez). In this solver, we
obtain the wavevector kz for a corresponding
real frequency, ω. The computed band struc-
ture, ω(kz), is plotted in Fig. 1(e). The fre-
quency range where the wavevector is real is
the range for the photonic bands, whereas the
frequency range where the wavevector is com-
plex is the photonic band gap region. For this
structure, in the frequency range below ωp, we
observe two bands separated by a band gap.
Both the lower band-edge of the upper band,
and the upper band-edge of the lower band,
are located at band-edge wavevectors which
are non-zero. Inside the gap, the real part of
the wavevectors, Re(kz), connects between the
band-edge wavevectors. The imaginary part of
the wavevector, Im(kz), vanishes at the edges
of the gap, and reaches its maximum slightly
below the gap center.
To understand the behavior of the imaginary
part of the wavevector inside the gap, we again
fit the upper band-edges using Eq. (1). Us-
ing the fitting parameters, we analytically de-
termine Im(kz) using Eq. (2), and compare to
the numerically calculated Im(kz) shown in Fig.
1(e). The analytic results agree very well with
the numerical results. Similar agreement is ob-
tained for the frequency range within the gap
near the lower band-edge. Thus, we show that
the field penetration behavior of this waveguide
array structure inside the gap can be well ac-
counted for by using analytic continuation of
the photonic bands that describe the propagat-
ing waves.
Within much of the band gap, the waveguide
array structure has an Im(kz) that is signifi-
cantly larger as compared to that of the bulk
metal. Thus, the field penetration depth of the
waveguide array structure can be significantly
smaller than that of the bulk metal, as shown
in Fig. 1(d). This is remarkable given the
fact that the waveguide array considered here
is mostly made of dielectric and hence has far
less metal as compared to the bulk metal struc-
ture. From the band structure analysis above,
the reduction of the field penetration depth in
the waveguide array structure is directly corre-
lated with the enhanced effective mass at the
band-edges as compared with the bulk metal
structure, as can be seen by examining the band
structure in Fig. 1(e).
Figure 2: The real and imaginary band struc-
ture for the metafilm constructed from a dielec-
tric of permittivity d = 16 and metal described
by a lossless (light blue) and lossy (blue) Drude
model. The lossy Drude model parameters cor-
respond to those for silver.
The final part of our band structure anal-
ysis is to consider the effect of material ab-
sorption. For this purpose we consider the
metal as described by a lossy Drude model
m(ω) = 1 − ω2p/(ω(ω + iγ)). Here we choose
γ = 0.0024ωp, which is appropriate for silver.
9
Comparing the lossless and lossy cases (Fig. 2),
we see that the presence of the loss does not
significantly change the band structure. And
hence the field penetration behavior, as de-
scribed by Im(kz), is not significantly affected
by the presence of such loss.
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3 Spectra Analysis and Ef-
fects of Finite Thickness
Based on the analysis of the band structures of
the two structure in the previous section, which
are applicable only for structures which are in-
finite in the z-direction, we now consider the
reflection from finite structures. We use a rig-
orous coupled wave analysis (RCWA) method
to compute the reflectivity of a metafilm with a
thickness d = 0.24λp. We use the lossy Drude
model as described above for Fig. 2, where
γ = 0.0024ωp.
9 The red line in Fig. 1(c) corre-
sponds to the reflectivity spectrum of a metal
film with the same thickness. The reflectiv-
ity increases as frequency drops further below
the plasma frequency, ωp. The blue line in
Fig. 1(c) corresponds to the reflectivity spec-
trum of the metafilm. Inside the band gap, the
metafilm generally exhibits a much higher re-
flectivity compared with the uniform metal film
structure, which is consistent with the predic-
tion of a reduced penetration depth from the
previous section.
Comparing the reflectivity spectrum of the
metafilm [Fig. 1(c)] with the band structure
of its corresponding infinitely extended struc-
ture, we note the lower frequency edge where
the finite structure exhibits strong reflection
agrees quite well with the lower band-edge of
the infinite structure. The metafilm structure
exhibits strong reflection over much of the fre-
quency range of the gap. The field pattern for
the frequency ω = 0.45ωp, which lies near the
region of minimal penetration depth, is shown
in Fig. 3(a), where we indeed see the strong at-
tenuation of the field inside the film. Near the
upper band-edge, in the band gap region, the
finite structure exhibits two dips in the reflec-
tivity spectrum. These dips correspond to lo-
calized surface plasmon modes at the metal-air
interfaces, as shown in Fig. 3(b), where we plot
the field at one of the resonance peaks located
at ω = 0.71ωp, which is approximately the sur-
face plasmon frequency. These resonances are
highly absorptive.
Figure 3: (a) Distribution of |Hy(x, z)| when
a plane wave with a frequency ω = 0.45ωp,
which is near the frequency of minimum pen-
etration depth, is normally incident upon the
metafilm of thickness d = 0.24λp. The dashed
gray line denotes the dielectric-air interface,
the dashed green line denotes the metal-air in-
terface, and the dashed blue line denotes the
metal-dielectric interface. (b) Distribution of
|Hy(x, z)| at a frequency of ω = 0.71ωp, where
the the surface plasmon resonance on the metal-
air interface is clearly visible.
In Fig. 4(a), we plot the reflectivity spec-
trum of a set of metafilm structures with vary-
ing thickness d. We note that the band gap is a
property of an infinite structure d→∞. Also,
the surface plasmon resonance is localized to
the upper interface between the metafilm and
air. Both features are largely independent of
the thickness d as long as d is larger than the
penetration length, which we observe in Fig.
4(a). As the thickness of the structure drops
below d = 0.07/λp, approximately the smallest
penetration depth observed in Fig. 1(e), there
is a clear narrowing in the bandwidth of the
metafilm’s high-reflection band.
In the band structure analysis conducted thus
far, we have largely focused on the frequency
range where ω < ωp, in which the metal has a
negative dielectric constant. In the frequency
range above ω > ωp, the dielectric constant of
the metal, as described by the Drude model,
becomes positive. The metafilm structure in
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this case behaves as a dielectric grating which
supports many guided resonances.10,11 These
guided resonances result in strong reflection at
frequencies above ωp, as shown in Fig. 4(a).
In particular, with the right choice of thick-
ness (e.g d ≈ 0.19λp) these guided resonances
can provide broad-band reflection,12–14 which in
this case extends from ω ≈ ωp to ω ≈ 1.6ωp, as
shown in Fig. 4(b). Thus, one can combine the
band gap behavior below ωp with the guided
resonance behavior above ωp to further extend
the bandwidth for achieving high reflection.
Figure 4: (a) The reflectivity as a function
of the metafilm thickness d and the frequency
ω. The structure has a lattice constant of
a = 0.24λp and a metal filling fraction f = 0.2.
(b) Selected spectrum from (a) with a metafilm
thickness d = 0.19λp showing the reflection
band of the plasmonic band gap ω < ωp com-
bined with a subwavelength grating broadband
reflection feature above ωp.
4 Extension to Real Mate-
rials
Up to now, we have shown a significantly re-
duction in the penetration depth of the meta-
film structure, which consists of both metal and
dielectric, as compared to a metal film struc-
ture. The metal in the previous calculation is
described using the Drude model, whereas the
dielectric is assumed to be lossless and disper-
sionless. In this section, we show that similar
effect can be achieved in realistic material sys-
tems.
For illustrative purposes, we assume the metal
to be silver, and the dielectric to be silicon. We
use the experimentally measured permittivity
for both materials, fully accounting for absorp-
tion.15,16 We consider a metafilm structure sim-
ilar to Fig. 1(b), with a thickness d = 30 nm,
a lattice constant a = 50 nm, and a metal frac-
tion f = 0.5. The reflectivity spectrum for
such a structure is shown as the blue line in
Fig. 5(a), and is compared with the reflectivity
spectrum of a silver film of equivalent thick-
ness. The reflectivity spectrum of the meta-
film structure is qualitatively similar to the sys-
tem considered earlier using the Drude model.
In particular, the reflectivity spectrum shows
a band gap behavior in the wavelength range
between 350 nm and 600 nm. Over a signifi-
cant part of this visible wavelength range from
350 nm to 600 nm, which lies within the band
gap, the meta-film structure shows significant
enhancement of reflection as compared to the
uniform metal thinfilm. This enhancement oc-
curs in spite of the significant absorption loss
for silicon in this wavelength range, and can
be attributed to the reduced penetration depth
inside the meta-film as compared to that in a
uniform metal structure.
Since the use of the meta-film structure re-
sults in a reduced penetration depth as com-
pared to the uniform metal film, the reflection
enhancement in the meta-film structure should
be most prominent when the thickness of the
films are comparable to the penetration depth,
and such enhancement should not be prominent
for a much thicker film. We illustrate this ef-
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fect in Fig. 2(b), where we plot the reflectivity
spectra for a metafilm and a uniform metal film
that are the same as those in Fig. 2(a), except
with a thickness d = 60 nm. We see that the
reflectivity of the two structures is now com-
parable, with the remaining contribution being
largely accounted for by the absorption of the
structure. In principle, the metafilm’s absorp-
tion within the band gap, can always be re-
duced below that of the uniform metal film by
using a higher index dielectric. This further
increases the effective mass of the upper band-
edge and further drives down the penetration
depth, reducing material absorption and guar-
anteeing that the reflection of the metafilm at
large thicknesses is still superior to that of the
uniform metal film.
5 Application to Hollow
Core Waveguides
As one application of the low penetration depth
in the metafilm, we now show it can be used to
achieve high packing density of multiple hollow-
core waveguides. We note that other works
have attempted to use high reflectivity films to
make hollow core waveguides.17 However, the
design in Ref. 17 experiences decreasing reflec-
tivity for increasing non-normal incidence an-
gles at a single frequency, since in that case the
reflectivity arises from guided resonances. The
metafilm on the other hand, does not experi-
ence this issue since its operating principle is
based on a photonic band gap.
Our demonstration involves two adjacent hol-
low core waveguides separated by a thin wall
of thickness t = 0.05 µm. We use an oper-
ating wavelength of λ = 0.45 µm and a hol-
low core width of 0.30 µm. The metal is silver
while the dielectric is that of silicon as used in
the previous section. We excite the modes of
the waveguide by using a point source located
within the upper waveguide (top channel) and
assess how much energy leaks into the lower
channel (bottom channel) per unit length. In
this application, the leakage is proportional to
the length scale at which the power in the up-
per waveguide completely transfers or “leaks”
Figure 5: (a) Reflectivity spectrum of a
metafilm with d = 30 nm (blue) compared to
that of a uniform metal film of the same thick-
ness (red). The metafilm consists of silicon and
silver as described by tabulated dielectric func-
tion this wavelength range while the uniform
metal film consists of silver with the same ma-
terial parameters. (b) Reflectivity spectrum of
the metafilm with d = 60 nm with the same
material parameters as in (a) compared with
the analagous spectrum of a uniform metal film
of the same thickness.
to the lower waveguide, and vice versa. Higher
leakage would mean the power oscillates be-
tween the two waveguides with a high spatial
frequency.
From the field distribution shown in Fig. 6(a),
we observe that the mode supported by the
metafilm-clad waveguide resembles a TEM00
mode of a hollow core waveguide with perfect
electric conductor (PEC) walls, in the sense
that the field is more uniform inside the air re-
gion. This observation is remarkable given that
this system operates far from the regime where
the metal behaves as a good conductor. In con-
trast, the field distribution shown in Fig. 6(b)
indicates that the mode supported by the uni-
7
Figure 6: (a) Distribution of Re(Hy(x, z)) for a pair of hollow core waveguides with walls consisting
of the metafilm with λ = 0.45 µm, a central wall thickness of 50 nm, and an air core width of
0.3 µm. We use the same geometric parameters for the metafilm as in the previous section. (b)
Distribution of Re(Hy(x, z)) for the same structure but with metal walls. In a we mark the metafilm
regions in blue and in b we mark the metal regions in gray. (c) The spatially-averaged power flux
in the air region in the x-direction for the upper waveguide and lower waveguide in a and b. We
truncate the plots for all panels at the source on the left hand side and at the perfectly matched
layer boundary on the right hand side.
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form metal waveguide is more plasmonic, due
to the higher field concentration at the metal-
air interface versus the center of the air core.
In other words, it appears more like the surface
plasmons at the two metal-air surfaces coupled
together. This contrast is consistent with the
reduced penetration depth of the metafilm as
predicted in our previous analysis.
Moreover, the smaller penetration depth of
the metafilm clearly results in suppressed cou-
pling between the two waveguides. A com-
parison of Fig. 6(a),(b) indicates that the
packed metafilm-air-metafilm waveguides leaks
less power into the lower waveguide than the
metal-air-metal waveguides. This is confirmed
by examining the spatial evolution of the aver-
age flux in the x-direction shown in Fig. 6(c).
The solid blue line indicates the power in the
upper metafilm waveguide while the solid red
line indicates the same for the metal waveg-
uide. The dashed blue line indicates the power
in the lower channel of the metafilm waveguide,
which only experiences a negligible increase af-
ter nearly 4 µm of propagation. Meanwhile,
the dashed red line, indicating the power in
the bottom channel of the metal film waveg-
uide, shows much more significant power leak-
age. In fact, the difference in the power at
x = 1.0 µm in Fig. 6(c) in the lower waveg-
uide between the metafilm-air-metafilm waveg-
uide and the metal-air-metal waveguide is more
than a factor of 10 even in the presence of con-
siderably higher losses in the metal waveguide.
In particular, Fig. 6(c) also demonstrates that
the total propagation loss of the metafilm-air-
metafilm waveguide is smaller by slightly less
than a factor of two, particularly because the
regime of high reflection in the metafilm coin-
cides with the regime where plasmonic surface
states in the uniform metal film are evanescent
in the x-direction.
6 Conclusion
In conclusion, we have shown the penetration
depth in a metafilm structure, consisting of al-
ternating regions of metal and dielectric, can
be significantly reduced as compared to that
of a regular metal film. The reduction in the
penetration depth arises due to the enhanced
effective mass in the photonic band structure
of a periodic plasmonic waveguide array. The
effect of penetration depth reduction persists
with realistic material properties including both
dispersion and loss. This effect can be used to
enhance the reflectivity of thin film system, and
to reduce the cross-talk between densely packed
plasmonic waveguides.
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